The study deals with changes in clay mineral associations with soil development and related implications for land users in the Lusikisiki area of the Eastern Cape Province of South Africa. Fifteen profiles, encompassing all major soil forms in the region, were investigated. The pedons developed from pre-Jurassic sedimentary rocks or Jurassic dolerite under a modeled annual precipitation of -950 to 1250 mm. The least weathered horizons in soils, derived from sedimentary rocks, contained mica, illite/smectite interstratifications (I/S) and minor amounts of kaolinite, a clay mineral suite, characteristic of the geothermal history of the region. Profiles, developed from dolerite, formed from an association of plagioclase and pyroxene. The A horizons in the vast majority of the profiles were dominated by either kaolinite, quartz or gibbsite, but generally contained an association of at least two of the above minerals. In some profiles significant amounts of hydroxy-interlayered vermiculite (HIV) were also present. The weathering pathway, therefore, seems to lead from illite, liS and smectite to HIV, kaolinite and gibbsite. Quartz is hypothesized to be of aeolian origin. possibly reflecting desert loess. Mineral parageneses were not related to topographic position and little related to parent material. Soils with greatly different degrees of pedogenesis had almost identical clay mineral suites in their uppermost horizons.
Introduction
Clay mineral associations are perceived to have significant land use implications. Their characterization needs to take into consideration not only the present soil elemental status but also the potential to naturally replenish those elements, or plant nutrients, that have been removed through crop uptake, leaching or soil degradation. Many soil-related problems can be understood only when clay associations are taken into consideration. Minerals like potassium (K) -feldspar or mica may supply K (Wilson & Nadeau, 1985) , while vermiculite and illite/smectite interstratifications (I/S) fix it (Biihmann, 1993) . Other minerals like kaolinite or gibbsite do not contain plant nutrients, but may be a source of aluminium (AI) in an acid soil environment (Sumner & Yamada, 2002) . A general rule is that the higher the degree of weathering, the lower will be the content of plant nutrients.
Primary minerals weather at different rates, giving rise to a series of secondary minerals which appear successively and which correspond to stages that are progressively impoverished in mono-and divalent cations and silicon (Si). As to the stability series of these minerals, mica and chlorite are least stable, transforming into swelling clays, kaolinite and finally to gibbsite (Grim, 1968) . The underlying cause of the chlorite/mica -vermiculite -smectite -kaolinite = HIV -gibbsite mineral-weathering sequence is:
a) The co-ordination behaviour of the Al ion. At elevated temperatures and in an alkaline environment, AI occurs preferentially in 4-fold co-ordination, while it assumes 6-fold co-ordination in an acid environment (Eberl, 1984; Catelineau, 1988) . Mica and chlorite have large proportions of Al in their tetrahedral sheets, where one Si cation out of four is replaced by AI. As the pH of the soil solution decreases, AI is displaced from tetrahedral positions, rendering the mineral structure increasingly unstable and favouring formation of minerals like kaolinite which has octahedrally co-ordinated Al only.
b) The leaching ofSi from the soil profile. Rainwater is undersaturated with respect to Si and as it moves downwards in the soil, Si is dissolved. The amount removed depends on the residence time around the silicate mineral and the type of mineral (Buol & Eswaran, 2000) . Net Si loss results in the lowering of the Si0 2 /AI 2 0 3 ratio from about 2.3 for mica to 1.2 for kaolinite and finally to 0 for gibbsite. The degree of weathering, therefore, determines many clayrelated agricultural properties like the presence or absence of K-bearing minerals or the abundance of Al compounds.
The objective of the present study was to determine clay mineral associations in the dominant soil forms of the Lusikisiki area and to evaluate their agricultural significagce, thereby answering the following questions: To what extent do the 15 profiles differ with respect to their mineralogical composition due to variations in soil-forming factors such as geological material, rainfall and position on the slope? Do the soils of the area have the potential to naturally replenish plant nutrients removed through cropping, leaching or erosion and are the soils sensitive to various forms of degradation like erodibility or hardsetting?
Material and methods
The study area, which covers 246 823 ha, is situated in the Lusikisiki area of the Eastern Cape Province of South Africa. Profile localities are shown in Figure 1 together with broad soil pattern classes, derived from the land type survey (Land Type Survey Staff, 2001 ). Soils were classified according to the criteria of Mac Vicar et al. (1977) . All major soil groups identified in the area have been included in the present inves .. tigation (Table I) . About three-quarters of the soils belongt"" the shallow and lithocutanic group represented by the ~~ pah, Glenrosa and particularly Cartref soil fonns. About 8% of the soils have a humic A horizon. The remaining soils are predominantly red and/or yellow and of dystrophic to mesotrophic base status or duplex soils with non-red B horizons ( Figure I ). Soil fonns, presented in order of increasing degree of pedogenesis, included Mispah, Glenrosa, Mayo, Cartref, Bonheim, Swartland, Vi lafontes , Oakleaf, Shortlands, Magwa, Inanda and Kranskop (Table I ). All profiles were situated in natural grassland, used for communal grazing. Topographic positions ranged from crest to footslope. The Mayo soil was transected by a pegmatitic dyke and the dropstones, still visible in the road cutting close to the profile locality, were hydrothennally altered, as indicated from marked colour changes.
Most soils were derived from sedimentary rocks: Natal
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Group sandstone (Ordivician), Dwyka tillite (upper Carboniferous to lower Pennian) and Ecca mudstones and sandstones (Penni an), though some fonned from Jurassic dolerite (SACS, 1980) . The sediments in the study area were subjected to elevated temperatures, associated with burial diagenesis and contact metamorphism (Rowsell & DeSwardt, 1976 (Table 1) . Aridity indices, reflecting rainfall/evaporation values were also calculated by the above model and range from 0.65 to I for the humid eastern part (40%) of the study area and from 0.5 to 0.65 for the sub-humid western part (60%). A total of 61 samples from 15 profiles were investigated. The <2 J..lm fractions were separated by centrifugation (Gee & Bauder, 1986) , rendered homo-ionic by shaking in a chloride solution of the desired cation for 1 h and left to equilibrate overnight. A 1 mol dm-I concentration was used for Mg and K, and 3 mol dm-I for Li. The flocculated clay was washed free of excess salt. Orientation of the clay on a ceramic tile was achieved by the suction-through method (Gibbs, 1965) . Expansion tests were performed by solvation with ethylene glycol and glycerol (vapour at 60°C and 90°C, respectively, for 16 h; Novich & Martin, 1983) and intercalation with formamide (a few drops were added to the specimen, which was then X-rayed after 15 min; Churchman & Theng, 1984) . Ksaturated samples were heated at 300°C and 550°C for 4 h. XRD data were obtained using a Philips X-ray diffractometer and graphite monochromated Co-Ka radiation.
Clay mineral nomenclature follows AIPEA recommendations (Bailey, 1980; 1982) . Semi-quantitative estimates were based on peak area percentages. Migration tables (Reynolds, 1980) were used for the evaluation of the proportions of smectite in illite/smectite (I/S) interstratifications.
Results dttd discussion
Understanding mineral neoformation, transformation and dissolution reactions in soils provides not only a clearer picture of weathering processes as a consequence of the major soilforming factors, parent material, climate, relief, vegetation and time (Jenny, 1941) , but also provides better insight into the influences of mineralogy on soil fertility, hydrology and the soil's susceptibility to degradation.
The presumed clay mineral composition of the parent material as inferred from the geothermal history of the area was confirmed by the shale sample below the Mispah soil (Profile 14), which is composed of mica, an illite/vermiculite interstratification with minor amounts of kaolinite and traces of quartz (Table 1; Figure 2 ). The shale sample below the Vilafontes soil (Profile 13) was devoid of mica but still contained significant amounts of liS and smectite. This sample showed signs of incipient weathering, which is reflected in the transformation of mica to liS and/or smectite. A micasmectite -I/S association in the parent material is also confirmed by the mineral composition of the Swartland soil (Profile 11; Table 1 ). Primary minerals of dolerite (plagioclase, pyroxene, olivine) were not preserved in the soil material of profiles 2 and 12 (Table 1) .
Under the climatic conditions that prevail in the study area (-950 -1250 mm annual precipitation), kaolinite would be expected as the dominant weathering product, possibly associated with minor amounts of HIV and gibbsite.
In Table 1 the clay mineral composition is presented in relation to the soil-forming factors, parent material, rainfall and topographic position. The A horizons in the vast majority of soils were dominated by kaolinite (Profiles 2, 3, 4, 5, 6, 12, 13, 14 and 15) and often contained significant amounts of 81 HIV and/or gibbsite. As far as kaolinite, gibbsite and HlV are concerned, these mineral associations follow the expected pedogenic trend for the prevailing rainfall range. These minerals were very poorly crystalline, as inferred from a low peak intensity and a marked peak broadening. This feature may be important in terms of soil properties, as poor crystallinity is generally associated with a higher degree of reactivity. Halloysite was absent from all samples. The Swartland profile (II) was an exception, as far as phyllosilicate compositions are concerned, being composed predominantly of 2: 1 layer silicates. This mineralogical composition confirms the pedological perception of the Swartland soil form as being a somewhat youthful soil, though encountered here in a relatively high rainfall area. Quartz dominance of the A horizons of five of the soils (Profiles 1, 7, 8, 9 and 10) was completely unexpected. The dominance of quartz in A horizons of the former Ciskei seems to be a common feature and is also reported by Mandiringana et al. (2001) . In their case the soils had a higher mica content than the Lusikisiki soils, probably a reflection of a lower rainfall, which is about 750 mmper annum.
The B horizons sometimes showed significant amounts of smectite (Profiles I and 7), mica (Profiles 3 and 8) or I/S (Profile 11), a mineral assemblage indicative of a much less advanced degree of weathering. The mineral weathering pathway is therefore assumed to lead from illite and I/S to kaolinite, HlV and gibbsite. Smectite formed as an intermediate weathering product in some of the profiles.
Mineralogical transformations were progressively more advanced in profiles with a humic A horizon compared to other soils, as can be inferred from the significant amounts (7 -50%) of gibbsite in all horizons of three of the four pedons (Profiles 6, 10 and 15) and in one horizon of the fourth (Profile 8; Table 1 ). Humic soils in South Africa are located in upland coast hinterland landscapes, characterized by a high effective rainfall and warm, misty climates (Land Type Survey Staff, 200 I). The unique combination of landscape position, parent material and climate regime gives rise to thick topsoils with low base status and high organic carbon levels. In line with this general observations, the profiles with a humic A horizon in present study formed under a wetter climate (> 1150 mm rainfall) and an upland coastal hinterland landscape.
Gibbsite was present in small amounts (2-8%) in the Shortlands (Profile 2), both Mispah (Profiles 9 and 14) and the Vilafontes (Profile 13) soils. Gibbsite is a common weathering product of both 2: I parent minerals (feldspars or 2: 1 phyllosilicates) and kaolinite under equatorial or humid tropical climates. The genesis of gibbsite is difficult to establish, as it may form in a soil environment, be transformed back into kaolinite when in contact with silica-rich soil solutions or may be subject to dissolution with solubility increasin~ with decreasing pH (Chadwick & Chorover, 2001 ). An unexpected finding was the presence of significant amounts of clay-sized quartz in many A horizons. In 11 of the 15 ~oils, quartz contents increased from the deepest to the top honzon. In profiles 1, 7, 8 and 9, all phyllosilicates in the lower part of the profile gave way to quartz as the dominant clay component in the A horizons. In two profiles, both classified as Cartref (Profiles I and 7), almost the entire < 2 !lm fraction was composed of quartz ( Figure 3 ). The quartz content increased at the expense of all other minerals. Processes leading to elevated quartz proportions may include relative enrichment through dissolution of phyllosilicates or their transformation into X-ray amorphous components, illuviation and eluviation, wind-derived accretion or major parent material discontinuities. Considering the almost ~omplete absence of clay-sized quartz in the rock samples, I.e. the parent material of most of the soils, dissolution of part of the phyllosilicate fraction cannot account for the dramatic increase in quartz observed in some profiles. The almost linear increase in the quartz content in most profiles also excludes major lithological differences in the parent material. The absence of lithological discontinuities is also confirmed by the textural properties of the soils (Table 2) , which show S. Afr. Tydskr. Plant Grond 2006, 23(2) no maj.or.changes. IIIuvial or eluvial processes are unlikely to result III Illcreased quartz proportions of the recorded magnitude.
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• fI' qu~~z enrich~ent through aerial deposition is a distinct posSibility. Considering the hypothetical possibility, that a certain amount of clay-sized quartz is deposited evenly over the whole district and mixed into the A horizon, then the quartz content in the clay fraction will increase as clay content decreases. This inverse relationship is clearly evident in the A horizons of the soil profiles in the Lusikisiki district ( Figure  4 ). The scatter, most prominent in samples with a low clay content, may be associated with wind-shadow effects or erosional processes. Generally, quartz is absent from the clay fraction of highly leached soils and Buol & Eswaran (2000) even report on " ... the almost universal lack of clay-sized quartz in soil materials subject to leaching". Its presence, therefore, may well be associated with events unrelated to mineral weathering processes. The preferential wind direction between September and April is either from the sea or from a north-easterly direction (ARC-ISCW Agromet Climate Databank; unpublished), i.e. from an area where Ordovician sandstone is exposed (SACS, 1980) . This area is well vegetated during the summer months, however, which makes deflation unlikely. In the four winter months (May to August), the winds blow from the northwest, i.e. from the Kalahari desert. These winds may well have carried and deposited fine-grained quartz particles. Provided the main source of this quartz is desert-derived, we can reasonably argue that desert loess was deposited in the Eastern Cape Province. Winds from other directions might have helped to distribute the quartz relatively evenly across the area.
Should an aerial origin for the quartz be accepted it is instructive to calculate the clay fraction to add lIP to 100%. The clay formation patterns of the various profiles are then as follows (Table 2) : eleven profiles have their A horizons dominated by kaolinite, one (Profile 10) by gibbsite, one (Profile 11) by mica, one (Profile 9) by HIV, while profile 8 shows a considerable scatter in horizon composition. Changes in mineral associations with profile development may be very minor (Profiles 2, 4 and 5), but in others the kaolinite may increase or decrease at the expense of other clay minerals 
68
Abbreviations as in Table 1 ; Nd: not determined
In the profiles studied (Table 2) , the amount of gibbsite increased (Profiles 2, 6 and 14) or decreased (Profiles 10 and 15) from the deepest to the surface horizon. A decrease with decreasing soil depth is an indicator of dissolution or transformation, while an increase towards the surface horizon is indicative of neoformation. The increase in gibbsite content towards the top horizon was at the expense of kaolinite and HIV (Profiles 6 and 2, respectively), indicating formation of secondary gibbsite. In profile 14, in contrast, both kaolinite and gibbsite formed from precursor minerals and the increase in gibbsite content was not associated with a decrease in kaolinite. This may indicate formation of primary gibbsite. HIV is a common component in kaolinite-dominated soils (Norrish & Pickering, 1983) . Its occurrence is attributed to the alteration of mica or swelling clay minerals through the replacement of K or exchangeable cations, respectively, by Al hydroxide polymers. The possibility exists that the presence of HIV indicates a weathering pathway from mica to kaolinite and gibbsite via a swelling interphase, while its absence may be related to the formation of kaolinite and gibbsite directly from mica. The presence of HJV may be significant as this mineral constitutes a sink for exchangeable Al at a pH (H 2 0) > 4.3 (Bain, 1998) . Generally, the kaolinitelHlVl gibbsite assemblage is characteristic of mineralogical maturity.
Exceptional clay associations were recorded in the Swartland profile (Table 1) , which had its clay fraction dominated by 2: I phyllosilicates, containing only small amounts of kaolinite. This cly mineral suite reflects a lower effective degree of weathering. Swartland soil profiles in the Eastern Cape Province are generally associated with semi-arid landscapes and dominantly shallow soils (Land Type Survey Staff, 200 I) . Two explanations for the occurrence of a Swartlimd soil profile in this high rainfall area ( A low degree of mineral weathering, however, may also be, in part, related to the high clay content (65-72%) in combination with a smectite-dominated mineralogy, which may result in low water infiltration and percolation rates, leaving the primary minerals largely unweathered.
The presence of smectite in the Al horizon of the Mayo soil, which formed under 1044 mm annual precipitation, is also unusual and may be related to a pegmatitic dyke, which transected the profile and had obviously altered the sedimentary parent material in its vicinity, as indicated by colour changes in dropstones in the road cutting.
No relationship could be established between dominant clay minerals and position on the slope (Table 1) . Soils with greatly differing degrees of pedogenesis like Mispah (Profile 14) and Kranskop (Profile 6) had an almost identical clay mineral composition. The degree of pedogenesis is reflected by the depth at which least weathered clay minerals appear.
The fact that one third of the A horizons had their clay fractions dominated by quartz is agriculturally significant. Quartz is a chemically inert soil component (Zelazny, He & Vanwormhoudt, 1996) . It does not possess a layer charge (permanent or variable) and therefore lacks the ability to form bonds with other soil particles. A high quartz content in the clay fraction is likely to influence soil properties in the following way:
Leaching of nutrient ions
The lack of any layer charge results in the inability of such a soil to adsorb ions from fertilizer applications or released through soil organic matter (SOM) mineralisation processes, with a possible consequent loss of these ions through leaching.
Soil organic matter content: Clay minerals help stabilize SOM against microbial decomposition via mineral-organic matter bonds (Wattel-Koekkoek et al., 2001) . The lack of bonding sites in quartz may lead to an enhanced loss of SOM.
Aggregate stability
Large amounts of quartz will also be reflected in a reduced ability of soil particles to bind into aggregates, which influences soil characteristics like erodibility and hardsetting.
Erodibility
The presence of water-stable aggregates is a dominant factor determining soil erodibility (Barthes et al., 2000) . Formation of aggregates requires bonding sites, which are associated with phyllosilicates, SOM and secondary Fe and Al minerals. Soils with a high silt content are reportedly unstable and highly erodible (NiH et al., 1996) , as silt particles consist predominantly of quartz, which cannot form aggregates, and are small enough to be easily transported by water and wind. The quartz content in the clay fraction will need to be added to the silt content, when erosion predictions are made.
Hardsetting
Soils with a marked hardsetting tendency tend to have a high content of clay-sized quartz (Cass & Johnston, 1985) . Soil compaction is of concern with regard to root proliferation into subsoil horizons and can reduce nutrient uptake even in soils with a high level of available nutrients. Again a high silt content is often associated with hardsetting behaviour (Gusli et al., 1994) for reasons stated above. The quartz content in the clay fraction needs to be considered together with the silt content when predictions of hardsetting are attempted. The high amount of quartz in the clay fraction of the Cartref profiles, a dominant soil form of the study area, may predispose them to hardsetting properties.
Conclusions
Pedo-genetic trends that emerged were: Kaolinite dominated most clay fractions. Gibbsite was more common in, although not restricted to, soils formed under> 1150 mm annual precipitation. No relationship could be established between dominant clay minerals and position on the slope. Soils with greatly different degrees of pedogenesis like Mispah (Profile 14) and Kranskop (Profile 6) may have an almost identical clay mineral suite in their uppermost horizon. The degree of pedogenesis is reflected in the depth level at which primary clay minerals occur, not in the clay mineral ,suite of the A horizons. The parent material in quartz-dominated horizons is hypothesized to be desert loess, while in many other profiles addition of wind-blown clay-sized quartz may be regarded a soil-forming factor.
Implications for agriculture
In the soils of the study area the chemical properties in the A horizons are dictated by an abundance of minerals with a low layer charge and/or variable-charged components. The following soil properties are predicted from their clay mineral associations:
The absence of K-(K-feldspar, mica) or Ca-bearing minerals (calcite, dolomite, plagioclase etc.) from most soils of .85 the area indicates that the K and Ca pools cannot be replenished naturally. K-fixing minerals (vermiculite, high-charged smectite) are absent from the A horizon of most profiles. Potassium from fertilizer application will therefore not be retained in the clay interlayer. Weathering will release mainly AI into the soil solution, which may lead to Al toxicity at low pH. Quartz-dominated clay fractions, one third of the A horizons in the present study, are chemically inert. Consequently they (1) are infertile, (2) cannot retain plant nutrients, (3) have a very low stabilizing effect on organic matter, and (4) cannot form bonds which are necessary for stable aggregates, which may lead to erosion and hardsetting.
